The various diagrams leading to neutrinoless double beta decay in the left-right symmetric model have different relative magnitudes, depending on the scale of new physics. Neutrinos acquire mass from both type I and/or type II seesaw terms, making an unambiguous analysis difficult. We study the half-life for double beta decay in the case of type II and type I dominance, in the former case including interference terms. If the heavy neutrinos of the type I seesaw model are at the TeV scale, certain processes can be enhanced. In particular, there are regions of parameter space in which the so-called λ-and η-diagrams can give sizable contributions to the half-life for the decay. We perform a detailed study of one such scenario, paying careful attention to constraints from lepton flavour violation. *
Introduction
Neutrinoless double beta decay (0νββ) is a lepton number violating process, which, if observed, would prove that neutrinos are Majorana particles [1] . New physics beyond the standard model is required to make the process observable [2] , and there are several different theoretical frameworks that could provide the necessary operators (see the review in Ref. [3] ). One of those theories is the left-right symmetric model (LRSM) [4] [5] [6] [7] [8] , in which parity is restored at high energies and right-handed neutrinos are naturally included as part of an SU(2) doublet of the extended gauge symmetry. In that case there are a number of new physics contributions to 0νββ, either from right-handed neutrinos or Higgs triplets, with the rate for double beta decay linked to neutrino mass. This connection can be both indirect, through the couplings to and/or mixing with right-handed neutrinos, as well as direct, via the standard light neutrino contribution (see Refs. [7, 9, 10] for some of the first discussions of 0νββ in the LRSM).
In the simplest version of the LRSM one expects the scale of parity restoration to be rather high, i.e., around the GUT scale of 10 15 GeV. Indeed, if all couplings in the scalar potential of the theory are of order one then this conclusion follows naturally [8] . Nevertheless, there is still enough freedom in parameter space to allow one to consider TeV-scale left-right symmetry, which leads to several distinct and observable signatures in present-day experiments probing leptonic processes. On the other hand, the quark sector of the TeV-scale model is severely constrained, due to the presence of flavour changing neutral currents (FCNCs) induced by the neutral components of Higgs bidoublets that are introduced to break electroweak symmetry. These affect meson mixing, CP violation in meson decay and the neutron electric dipole moment, and one needs the neutral component of the Higgs bidoublet to be heavier than about 15 TeV [11] to avoid conflict with experiment. The mass of the right-handed W -boson (W R ) can however still be around 3 TeV, and current LHC data is already beginning to probe W R masses of this order [12, 13] . Indeed, the latest limits from the CMS experiment are roughly m W R > ∼ 2.5 TeV (see Fig. 6 ). With right-handed neutrinos of similar mass or lighter there are observable effects in 0νββ and lepton flavour violation (LFV). The connection between double beta decay, LHC and lepton flavour violation has recently been studied by several authors [14] [15] [16] [17] [18] [19] [20] .
From the theoretical point of view, the LRSM provides a natural framework for both the type I [9, [21] [22] [23] [24] and type II [7, [25] [26] [27] [28] [29] seesaw mechanisms, mediated by right-handed neutrinos and Higgs triplets, respectively. In this way the smallness of neutrino mass is connected to the restoration of parity at high energies, and the 0νββ process can proceed via the same mediators that lead to neutrino mass. It is however rather difficult to pin down the mechanism by which the process occurs. A simplified case that has already been studied in the literature is that of type II seesaw dominance for m ν [14] , which restricts the number of parameters by making the right-and left-handed Majorana mass terms proportional to each other. We perform a detailed investigation of this case including LFV constraints explicitly in the calculation of the 0νββ half-life, and show that there are indeed places in parameter space where the triplet contribution can be significant and can interfere with the other contributions.
The case of type I seesaw dominance is more complicated: there are some contributions to 0νββ that involve the left-and right-handed sectors individually as well as others that involve both sectors, through "left-right mixing". A simplified version was studied in Ref. [17] , and a useful formula relating the various mass matrices of the theory was presented in Ref. [18] , for the case of symmetric Dirac coupling. Since the left-right mixing is always a ratio of the Dirac and Majorana mass scales, 0νββ processes involving left-right mixing can be enhanced for specific Dirac mass matrices. This enhancement [30, 31] is also required for collider signatures of the TeV-scale type I seesaw mechanism with left-handed currents (see the review in Ref. [32] ), and there have been several studies of related phenomenology [33] [34] [35] [36] 1 . In the LRSM case both the so-called λ-and η-diagrams could give large contributions, although the latter is further suppressed by the mixing between left-and right-handed gauge bosons. This idea has also been discussed in the context of the inverse process e − e − → W − L W − R [38] , was further emphasized in extended seesaw versions of the LRSM [19, 20] and a recent analysis of mixed diagrams at the LHC can be found in Ref. [39] . We perform a thorough analysis of the type I seesaw scenario, paying attention to the correct nuclear matrix elements for the different diagrams as well as the often severe constraints from lepton flavour violating phenomena.
The paper is outlined as follows: in Section 2 we briefly summarize the theoretical details of the left-right symmetric model (the reader familiar with the LRSM may skip this section), and in Section 3 we provide a detailed discussion of the 0νββ and LFV processes in the model. Section 4 is a quantitative analysis of the various 0νββ amplitudes in the limit of type I or type II seesaw dominance; we summarize and conclude in Section 5. A brief comment on the correlation between 0νββ half-lives is given in Appendix A. Details of decay widths and loop functions for LFV processes can be found in Appendix B, which the reader may skip as well; an explicit numerical example demonstrating large left-right mixing is given in Appendix C.
The left-right symmetric model
In the left-right symmetric model, the Standard Model is extended to include the gauge group SU(2) R (with gauge coupling g R = g L ), and right-handed fermions are grouped into doublets under this group. Thus we have the following fermion particle content under SU(2) L × SU(2) R × U(1) B−L :
with the electric charge given by Q = T (1 ∓ γ 5 ). In order to break the gauge symmetry and allow Majorana mass terms for neutrinos one introduces the Higgs triplets
with ∆ L ∼ (3, 1, 2) and ∆ R ∼ (1, 3, 2); the electroweak symmetry is broken by the bi-doublet scalar
The relevant Lagrangian in the lepton sector is
whereφ ≡ σ 2 φ * σ 2 ; f, g and h L,R are matrices of Yukawa couplings and charge conjugation is defined as
If one assumes a discrete LR symmetry in addition to the additional gauge symmetry, the gauge couplings become equal (g L = g R = g) and one obtains relations between the Yukawa coupling matrices in the model.
Applying these symmetries simplifies various expressions in the model, as will be discussed later. Making use of the gauge symmetry to eliminate complex phases, the most general vacuum is
After spontaneous symmetry breaking, the mass term for the charged leptons is
where the mass matrix
can be diagonalized by the bi-unitary transformation
With a discrete parity (charge conjugation) symmetry, M ℓ becomes hermitian (symmetric), so that the condition
In the neutrino sector we have a type I + II seesaw scenario,
with
Again, with a parity (charge conjugation) symmetry we have
In the most general case the phase θ L cannot be set to zero, but in the type II dominance case we will study it is simply an overall phase and has no effect on the resulting neutrino mass matrix (in the type I dominance case it plays no role since v L = 0). Due to the presence of the so-called "VEV seesaw" relation relating the various VEVs, one expects
, since x is a function of (order one) couplings in the scalar potential [8] . However, from a purely phenomenological point of view, x can take any value between 0 and 10 14 [40] . Assuming 
where
The symmetric 6 × 6 neutrino mass matrix M ν in Eq. (11) is diagonalized by the unitary 6 × 6 matrix
, where the unitary matrices V ν and V R are defined by
3 ) describes the left-right mixing. The neutrino
Note that the unitarity of W leads to the useful relations
with the unitary 3 × 6 matrices V ν L = (U S) and V ν R = (T V ) defined in Eq. (15) . The leptonic charged current interaction in the flavour basis is
characterizes the mixing between left-and right-handed gauge bosons, with tan 2ξ = −
With negligible mixing the gauge boson masses become
and assuming that 2 κ 2 < κ 1 , it follows that
so that the mixing angle ξ is at most 3 the square of the ratio of left and right scales (L/R) 2 .
Here we assume L ≃ 10 2 GeV corresponds to the electroweak scale and R ≃ TeV to the scale of parity restoration, v R . For small ξ the charged current in the mass basis becomes
Here K L and K R are 3 × 6 mixing matrices
2 This is justified if one assumes no cancellations in generating quark masses [44] . 3 Although the experimental limit is ξ < 10 −2 [45] , for m WR = O(TeV) one has ξ < ∼ 10 −3 [46] ; supernova bounds for right-handed neutrinos lighter than 1 MeV are even more stringent (ξ < 3 × 10 −5 ) [46, 47] .
connecting the three charged lepton mass eigenstates ℓ i to the six neutrino mass eigenstates
In this model one also expects a new neutral gauge boson, Z ′ , which mixes with the standard model Z boson. The mass eigenstates Z 1,2 have the masses
where g = e/ sin θ W and the U(1) coupling constant is g ′ ≡ e/ √ cos 2θ W . Again one expects the mixing to be of order (L/R) 2 , i.e.,
Eqs. (21) and (25) Here we summarize the various possible diagrams for 0νββ in left-right symmetric models (for one of the first analyses on this topic, see Ref. [10] ). The Lagrangian in Eq. (23) can be written as
where in the second line we have assumed a basis where the charged leptons are diagonal (we will use this basis from now on, thus expressing all processes in terms of the matrices U, S, T and V ). 0νββ amplitudes arise from second order terms in perturbation theory: it is clear that one can combine either two left-handed currents, two right-handed currents or one leftand one right-handed current. The relevant mixing matrix element also depends on whether light or heavy neutrinos are exchanged in the process; the matrices U, V , S and T are (to
as defined in Eq. (15) , showing that light neutrino mixing is no longer unitary. The additional possibility of W L − W R mixing allows for diagrams with, for instance, two left-handed hadronic currents but one left-and one right-handed leptonic current [see Fig. 4 [50] for a complete list). Table 1 contains a summary of the relevant amplitudes as well as limits on the particle physics parameters calculated using the recent KamLAND-Zen limit [51] 4 and the whereas if both are right-handed it becomes
Here we have taken into account diagrams with gauge boson mixing at one or both vertices, but the most relevant diagrams are:
• Fig. 1(a) , the "standard" diagram, with an amplitude proportional to
where |q 2 | ≃ (100 MeV) 2 is the typical momentum exchange of the process. The particle
ei m i | is called the effective mass, and the suitably normalized dimensionless parameter that describes lepton number violation is
with U ei the (PMNS) mixing matrix of light neutrinos and m i the light neutrino masses.
Here and in what follows we give limits on the particle physics parameters η k ; they are explicitly defined in Section 3.1.2. The currently allowed [54] regions of the effective mass are plotted against the lightest mass in Fig. 2 . We will translate this plot into half-life in the following section; • Fig. 1(b) , which is the analogous diagram with purely right-handed currents, mediated by right-handed neutrinos. The amplitude is proportional to
is the mass of the right-handed W R (left-handed W L ), M i the mass of the heavy neutrinos and V the right-handed analogue of the PMNS matrix U. The dimensionless particle physics parameter is
• A diagram not shown in which heavy neutrinos are exchanged with purely left-handed currents. The amplitude is proportional to
with S ≃ L/R describing the mixing of the heavy neutrinos with left-handed currents. The limit is Note that the sum in Eq. (36) can be written as
which vanishes for negligible Dirac Yukawa couplings. It is also possible to have light neutrino exchange with right-handed currents [the term proportional to T in Eq. (31)], but this diagram is highly suppressed.
Triplet exchange mechanisms
• Fig. 3 (a) is a diagram with different topology, mediated by the triplet of SU(2) R . The amplitude is given by
and the dimensionless particle physics parameter is
Here we have used the fact that the term √ 2v R h ee is nothing but the ee element of the right-handed Majorana neutrino mass matrix M R diagonalized by V [cf. Eq. (12)], with v R the VEV of the triplet δ R and h ee the coupling of the triplet with right-handed electrons, so that this diagram still indirectly depends on the heavy neutrino mass;
• Fig. 3 (b) is a diagram mediated by the triplet of SU(2) L , also present in the usual type II seesaw model (without left-right symmetry). The amplitude is given by which is suppressed with respect to the standard light neutrino exchange by at least a factor
Momentum dependent mechanisms
In this case the emitted electrons have opposite helicity, and the amplitude is proportional to
the most important diagrams are those involving light neutrinos and two powers of the leftright mixing in the prefactor, i.e.,
• The so-called λ-diagram in Fig. 4 (a), with an amplitude
and particle physics parameter
Note that this is a long-range diagram with light neutrinos exchanged, with the matrix
quantifying the mixing of light neutrinos with right-handed currents.
• The η-diagram in Fig. 4 (b), which also has mixed helicity and light neutrino exchange (long-range diagram). This is only possible due to W L − W R mixing, described by the parameter tan ξ [see Eq. (20)]. The amplitude is
with particle physics parameter
Ref. [55] gives a detailed explanation of how a complicated cancellation of different nuclear physics amplitudes leads to a limit on the η-diagram that is much stronger than the one on the λ-diagram. The heavy neutrino contributions to both the λ-and η diagrams are further suppressed, being proportional to i S ei V * ei q/M 2 i [see Eq. (42)]. Using the mixing matrices in Eq. (28), the relevant sums become
where we have omitted third order terms. This again shows that the left-right mixing is a ratio of two scales, M D and M R .
Using our rough estimates (in terms of L ≃ 10 2 GeV and R ≃ TeV) of the scale of each diagram we can now make a naive guess at their expected relative magnitudes. Since the mixed λ-and η-diagrams in Fig. 4 are of order (L/R) 3 /q and the purely right-handed shortrange diagrams in Figs. 1(b) (heavy neutrino exchange and right-handed currents) and 3(a) (SU(2) R triplet exchange and right-handed currents) are of order L 4 /R 5 , we expect the mixed diagrams to dominate by a factor R 2 /(Lq) ∼ 10 5 . In the same sense, the amplitudes of the mixed diagrams are also larger than the one for heavy neutrino exchange with left-handed currents, proportional to L 2 /R 3 . However, these simple estimates are rather optimistic since the smallness of neutrino masses means that the left-right mixing should be much smaller than L/R ≃ 0.1. In the absence of cancellations the mixing is bounded as
so that it is obvious that the light neutrino mass from type I seesaw,
cannot be small enough without special matrix structures. The crucial point is that the left-right mixing M D /M R ≃ L/R can still be large in some cases, which means that mixed diagrams should be examined more thoroughly, as has been done in the context of inverse neutrinoless double beta decay [38] and inverse/extended seesaw [19, 20] . Note that the limits on the difference of the diagonal elements of the product
universality [56] are
which give a rather weak bound on the left-right mixing. The reliability of the rough approximations in terms of L and R can be tested by normalising the amplitudes to the standard contribution, using known bounds on the left-right mixing. We use the bound in Eq. (48) in the estimates that follow, along with the light neutrino mass scale m ν ≃ 0.05 eV and momentum exchange |q| ≃ 100 MeV. It turns out that the mixed helicity diagrams A λ and A η can still compete with the standard light neutrino diagram, even with the stringent limit on T in Eq. (48) that connects the left-right mixing to light neutrino mass. For heavy neutrino exchange with right-handed currents [ Fig. 1(b) ] we have
whereas for heavy neutrino exchange with left-handed currents [Eq. (36)] the ratio is
One sees immediately that this process requires cancellations to be enhanced 5 . However, for the λ-and η-diagrams [ Fig. 4 ] we have
where the first inequality comes from the upper limit |ξ| < ∼
. Depending on the relative magnitude of the bidoublet VEVs κ 1 and κ 2 , the amplitude A η may be further suppressed [see Eq. (22)], but this could be compensated for by the fact that M 0ν η ≃ 10 2 M 0ν λ (cf. Table 2 ). The main point is that with m W R and M R around the TeV scale the amplitudes A R N R , A λ and A η turn out to be quite close in magnitude, whereas the small value for A L N R could still be enhanced by cancellations. Note that in order to arrange for this the Yukawa matrices f andf need to have non-trivial flavour structure so that the correct light neutrino mass [see Eq. (12)] can be obtained, since with O(1) couplings, M D ∝ κ i , so that M D would be near the electroweak scale of 10 2 GeV. Assuming that κ 2 ≪ κ 1 (see also Ref. [44] ) means that
so that one has the freedom to choose f without affecting the charged leptons.
Nuclear matrix elements and lifetime
In order to translate the dimensionless particle physics parameters η k into actual lifetimes of 0νββ processes for different isotopes one needs the relevant nuclear matrix elements and phase space factors. There are various different methods to calculate those quantities and most previous studies have focussed on the standard light neutrino exchange mechanism; here 
Higgs triplet exchange (
we attempt to compile a list of the most recently calculated matrix elements relevant to 0νββ in the LR model, combining the calculations of various groups. We use the QRPA calculation of the matrix elements for the mixed diagrams in Ref. [58] (see also Refs. [59, 60] ). In their notation, the lifetime of 0νββ can be written as
where the coefficientsC i are combinations of matrix elements and integrated kinematical factors, G 0ν 01 is the usual phase space factor and ψ i are complex phases. The parameters X L (X R ) include all processes in which the final state electrons are both left-handed (righthanded), i.e.
with η δ L the LNV parameter associated with Eq. (41). In Eq. (53) we have omitted the interference term X L X R , which is suppressed due to the different electron helicities (e Ref. [61] presents an improved calculation of the phase space factor G 0ν 01 for the light neutrino exchange mechanism, taking into account the finite nuclear size of the Dirac wave function as 
which allow us to write the lifetime in Eq. (53) as
The corresponding matrix elements are reported in Table 2 and will be used in the analysis that follows. The range of values comes from the fact that different calculations have been used. Note that we have used the new phase space numbers to calculate limits. In the limit of type II seesaw dominance, the expression in Eq. (56) will simplify considerably, whereas with type I seesaw dominance all six terms should be considered [we neglect the contribution stemming from the left-handed triplet δ L , which is suppressed by light neutrino mass and m δ
R , δ R , λ, η) to refer to the lifetime stemming from one particular diagram. Figure 5 illustrates the variation of the lifetime [T The standard light neutrino contribution to the 0νββ half-life of 76 Ge plotted against the lightest light neutrino mass, using 3σ ranges of the oscillation data from Ref. [68] . Shaded regions (dotted lines) are for the smallest (largest) NMEs from Table 2 . The grey shaded region is excluded by the KamLAND-Zen experiment, the horizontal dashed (dashed-dotted) lines show the planned sensitivities of the GERDA [69] experiment, with 40 kg (1 ton) of isotope. The Heidelberg-Moscow limit [70] is indicated by a horizontal (red) dotted line. The variation in the KamLAND-Zen limit due to the NMEs for 76 Ge and 136 Xe is shown by the dotted black horizontal line, which is the minimum value this limit can take.
Charged lepton flavor violation and dipole moments
Although small active neutrino masses "GIM suppress" charged lepton flavor violating processes by a factor of (∆m
A is the atmospheric mass squared difference), the existence of heavy right-handed neutrinos and Higgs scalars allow the LFV decays µ → eγ and µ → 3e as well as µ → e conversion in nuclei to occur at rates observable in current experiments. Those decay rates will be proportional to similar combinations of mass and mixing parameters as the 0νββ amplitudes, thus providing complementary constraints. Defining
the relevant branching ratios
are constrained at 90% C.L. to BR µ→eγ < 5.7 × 10 −13 [71] , R Au µ→e < 7.0 × 10 −13 [72] and BR µ→3e < 1.0 × 10 −12 [73] by experiment. R . Terms proportional to ξ 2 are expected to be small and are neglected here. All of the possible channels are in some way related to the right-handed neutrino mass, either directly as a virtual particle in the loop or indirectly since the couplings of the triplets to leptons are proportional to M R 6 .
A detailed calculation of the LFV decay widths and branching ratios in the LRSM has been performed in Ref. [74] , where the results have been obtained by expanding to leading order in the ratios M D /M R and κ + /v R , and thus ignore any effects of left-right mixing. The results are (see also Refs. [75, 76] )
for the tree-level process µ → 3e and
for the loop-suppressed decays µ → eγ and µ → e conversion, where the expressions are simplified by assuming the "commensurate mass spectrum"
. The parametersh and g lfv are defined to leading order in the ratio
assuming manifest left-right symmetry (i.e., a discrete parity symmetry, see the Appendix [74] . Thus in this simplified case the limits on µ → 3e will confine the model parameter space the most.
However, with right-handed neutrinos around the TeV scale the left-right mixing could be enhanced, so that the usual type I seesaw contribution to LFV processes should also be considered. Those have been calculated in Refs. [35, [77] [78] [79] [80] [81] [82] [83] [84] . Since the LRSM is effectively a type I+II seesaw model one needs to take into account LFV processes mediated by both heavy neutrinos and Higgs triplets, effectively allowing for interference between different amplitudes. Ref. [84] has presented the full expressions for µ → eγ; we include type I seesaw terms in the expressions for µ → 3e and µ → e conversion, in the former case including possible interference between loop and tree level diagrams. Detailed expressions for the decay widths including form factors and loop functions can be found in the appendix; we summarize the most constraining processes here. In our parameter scans in the type I dominance case we take into account all relevant contributions.
It turns out that the most important constraints on the mixing S ≃ M D /M R come from µ → eγ and µ → e conversion. In both cases the constraint is roughly
where we take the loop function F (x i ) to be of order one. This approximation is not always valid for very large right-handed neutrino masses, in which case
), but since the mixing scales with 1/M i the rate will vanish in the decoupling limit [83] . The loop-suppressed decay rate of µ → 3e (with heavy neutrinos exchanged) depends on the same parameters as µ → e conversion, but the limits are weaker in this case: the bound BR µ→3e < 1.0 × 10 −12 can be roughly translated into S * µi S ei < ∼ 10 −3 . These constraints come from diagrams with left-handed currents and left-right mixing, i.e. the terms proportional to S 2 in Eqs. (A-9), (A-14), (A-15) and (A-17), so that there is no other dependence on the heavy particle masses besides from the loop functions. Another interesting constraint comes from µ → eγ diagrams in which gauge bosons mix: the chirality flip occurs within the loop, leading to a direct dependence on the Dirac mass matrix instead of the muon mass [Eq. (A-9)], in a similar way to the mixed diagrams in 0νββ (see also Refs. [81, 84, 85] ). This enhances the contribution of mixed diagrams to µ → eγ by a factor SM R /m µ ≃ M D /m µ , so that the product of the mixing angle ξ and the µe element of the Dirac mass matrix is constrained to be
In addition, the experimental limit of |d e | < 10 −27 e cm [86] on the electric dipole moment of the electron [see Eq. (A-10)] constrains the ee element to be roughly
which also depends on the phase α. These limits effectively constrain the η-diagram in Fig. 4(b) . One might also expect large left-right mixing to allow loop-suppressed (type I) contributions to µ → 3e to compete with the tree level triplet (type II) contribution. The full expression is given in Eq. (A-12) , and the condition for comparable magnitudes of type I and type II contributions is roughly
assuming m δ
Thus for TeV-scale W R the bound on S 2 in Eq. (63) means that one needs right-handed neutrinos around the electroweak scale for the type I loop contribution to be competitive in µ → 3e decay.
Collider physics
Before concentrating on the 0νββ amplitudes we briefly discuss the role of collider physics in studying the LRSM. Collider searches provide a complementary probe of the parameter space of the LRSM: the right-handed W boson and right-handed neutrinos can be produced in pp collisions at the LHC via [37] pp → W R + X → N ℓ + ℓ + X , (ℓ = e, µ),
followed by the decay into like-sign dileptons and two jets, i.e.
which for the ℓ = e case is equivalent to the 0νββ diagram in Fig. 1(b) . The CMS collaboration looked for this signature in both 7 TeV [13] and 8 TeV [87] data, where the integrated luminosity was 5.0 fb −1 and 3.6 fb −1 , respectively. Their analysis was simplified by assuming negligible mixing (ξ ≃ 0) between gauge bosons and between heavy neutrino mass eigenstates (V ≃ 1), so that the final states are either both electrons or both muons. ATLAS studied the same process with 2.1 fb −1 of data from 7 TeV collisions [12] , and in addition examined the case of maximal mixing between the first two heavy neutrino mass eigenstates. As a simple illustration of the complementarity of the different data sets we plot the limits from the latest CMS data as well as from the KamLAND-Zen 0νββ experiment [51] in the M Ne − m W R parameter space in Fig. 6 , using two different values for the mixing V e1 . Here one assumes that only one heavy neutrino flavour N e ≃ N 1 is accessible, so that the LNV parameter in Eq. (35) simply becomes |η > 322 GeV for e ± e ± final states and assuming a branching ratio of 100% to each final state. In order to compare these results to the 0νββ bounds one needs to take into account the other decay modes of doubly-charged Higgs scalars into gauge bosons and singly-charged scalars. An analysis in this direction was performed in Ref. [88] , and the results depend largely on the mass spectrum of the different components of the Higgs triplets ∆ L,R .
0νββ amplitudes in the seesaw limits
In the most general case the light neutrino mass matrix
receives contributions from [see Eq. (13)] both the left-handed triplet (type II seesaw) and the heavy right-handed neutrinos (type I seesaw), making quantitative studies of the 0νββ amplitudes difficult. Here we focus on the two extreme cases of type II and type I dominance; a complete study is beyond the scope of this work. In the former case one sets the Dirac Yukawa couplings to zero, in the latter one assumes that the triplet VEV vanishes, i.e., v L = 0. The simpler case of type II seesaw dominance is dealt with first; this was first studied in Ref. [14] and further examined in Ref. [17] .
Type II seesaw dominance
With the approximations mentioned above, the lifetime in the limit of type II dominance is
by neglecting all Dirac Yukawa couplings we drop all terms proportional to M D , i.e., those with left-right mixing. We are left with only heavy neutrino [ Fig. 1(b) ] and triplet exchange [ Fig. 3(a) ] in addition to the standard diagram [ Fig. 1(a) ] (the amplitude A L N R also vanishes, being proportional to M D ). As discussed above, the interference term is suppressed, since the final state electrons in Fig. 1(a) are left-handed whereas those in Fig. 1(b) are right-handed.
In the case of type II dominance, the right-handed neutrino mass matrix can be expanded as [40] 
and since we neglect Yukawa couplings (h D ≈ 0),
which simplifies the analysis considerably: the light and heavy neutrino spectra are proportional to each other, and V = U, up to an overall complex phase. In addition, both U and V become unitary in the limit that M D = 0 [cf. Eq. (28)]. These assumptions were used in Ref. [14] to quantify the heavy neutrino contribution to neutrinoless double beta decay; the triplet contribution to 0νββ was neglected since the constraint from µ → 3e leads to M R /m δ R ≪ 1 over a large part of parameter space. It is however useful to consider the different contributions in more detail, since there are areas of parameter space where the triplet contribution gives interesting effects (see also Ref. [17] ). Here we calculate the relevant lifetimes in each case and show explicit regions in parameter space where the limit from BR µ→3e comes into play. Replacing V with U in Eq. (35), the dimensionless LNV parameter corresponding to heavy neutrino exchange with right-handed currents (
[η
for normal and inverted ordering, respectively, where α and β are Majorana phases. Similarly, the branching ratio for µ → 3e in Eq. (59) depends on the product of the ee and µe elements ofh = M R /m W R , with
We assume m δ
in what follows. Following Ref. [14] , by fixing m W R = 3.5 TeV and the heaviest right-handed neutrino mass M heaviest = 500 GeV, the three contributions can be plotted against the lightest light neutrino mass (see Figs. 7 (Fig. 7) , since m ν ∝ M R in the type II limit. whole parameter space is affected 7 . In the case of the light neutrino and triplet contributions, the only areas still allowed correspond to the largest possible value of m ee , i.e., when both Majorana phases are close to zero. Figure 9 shows the total half-life, with all three contributions included. The chosen value of m δ ++ R affects not only the LFV constraint but also the resulting half-life, due to the dependence of the triplet contribution on this quantity [Eq. (39) ]. The black dotted lines show the half-life without the triplet contribution, and it is evident that the addition of the triplet part can shorten the half-life by several orders of magnitude, bringing it within reach of the GERDA experiment. There also exist regions where the lifetime can be longer, due to cancellations between the η R N R and η δ R contributions. The key point here is that the triplet contribution can still be allowed for certain values of the Majorana phases, even with the LFV constraint, thus enhancing the total amplitude for 0νββ. This enhancement obviously depends on the triplet mass, so that if m δ ++ R > ∼ 5 TeV we recover the results of Ref. [14] . 7 Our results agree with Fig. 2 of Ref. [14] , which shows that M heavy /m δ ++ R < ∼ 0.1 in the inverted ordering for all light neutrino masses, which in our case would correspond to m δ ++ R = 5 TeV.
Type I seesaw dominance
In the limit of type I seesaw dominance all the terms in Eq. (56) must be considered (we neglect the small contribution from η δ L , as discussed above). This leaves us with six contributing diagrams: (i) "standard" light neutrino exchange (η ν ); (ii) heavy neutrino exchange with left-handed currents (η (53)], and distinguishing the different contribution becomes difficult. Although most studies focus on the standard diagram and those with heavy neutrinos, the contributions (iv) and (v) can actually be significant, as we have shown in the rough estimates above. These have been studied in for example Refs. [10, 53] .
Parameterizing the relative magnitudes
In order to quantify the six contributions one needs more information about the right-handed sector, specifically the right-handed mixing matrix V R and the mass spectrum M i (i = 1, 2, 3) of right-handed neutrinos. The right-handed mass matrix M R appears in the amplitudes A
, A δ R , A λ and A η , and in the case of type I seesaw dominance can be expanded as
The leading term is a matrix product containing the unknown Dirac mass matrix, so that the simple relations in Eq. (72) no longer hold and one needs a different approach. The authors of Ref. [17] simplify the analysis by assuming that (i) the Dirac mass matrix is diagonalized by V R and (ii) the three Dirac Yukawas are equal. This scenario is very restrictive; another approach would be to insert an ansatz for the matrix of Dirac Yukawa couplings h D . Often one uses the condition M u ≃ M D = κ + h D , which holds at the GUT scale in SO(10) models [89] . More generally, the Dirac mass matrix can be parameterized using the so called top-down
where U L and U R are arbitrary unitary matrices andM D = κ + diag(h 1 , h 2 , h 3 ). In the LRSM type I case, M D has 18 parameters and M R has 12 parameters, so that the left-right mixing
R depends on 30 parameters, making it difficult to learn anything from a parameter scan. If we assume a discrete parity (charged conjugation) symmetry, then M D becomes hermitian (symmetric) thus reducing the number of parameters by 6. However, it is still numerically difficult to find Dirac mass matrix structures that give large enough left-right mixing. One way is to start from a specific matrix structure in M D that gives zero neutrino masses, and introduce small perturbations (see Refs. [31, 90] ).
An alternative method is to go to the basis where M D is "diagonal", so that the light neutrino mass matrix is given by
In essence one has rotated the left-handed neutrino fields by U L [cf. Eq. (78) 
where V ν is the light neutrino mixing matrix [Eq. (16)
Numerically, this means one needs only fit the mass eigenvalues after diagonalizing Eq. (79), decoupling the PMNS mixing parameters 8 . The authors of Ref. [57] used this approach to find matrix structures that could enhance the amplitude for double beta decay mediated by heavy sterile neutrinos (A L N R ), albeit without right-handed currents. In our case those same structures will also enhance the amplitudes for the λ-and η-diagrams and influence the LFV branching ratios. However, one cannot recover the non-trivial mixing V R in the right-handed sector simply by diagonalizing
so that the only way to find V R is to invoke the symmetry (hermiticity) of M D , which gives
The right-handed mixing is then
whereas the left-right mixing (in the flavour basis) is
for symmetric or hermitian M D , respectively. The expression [cf. Eq. (38) ] characterizing the diagram with heavy neutrinos and left-handed currents is
The corrected forms of U and V used for calculating 0νββ amplitudes and LFV branching ratios can be found from Eq. (28), but in our case the terms second order in
The main point is that there are certain regions of parameter space which allow for large left-right mixing while still keeping the light neutrino masses small enough, since the matrix structures allow for cancellations. One could regard this as a fine-tuned scenario; on the other hand it is obvious that there is enough freedom in parameter space to allow for it. For completeness we note that it is possible to scan the entire allowed parameter space using the orthogonal parameterization [92] , where the Dirac mass matrix is written as
It has also been shown [18] that if the Dirac mass matrix is symmetric, there are only 2 3 = 8 discrete solutions to the seesaw equation, given by
R M R , so that the O matrix in the orthogonal parameterization is given by O =m
R . However, one still has a large number of unknown parameters in the right-handed sector, and the Omatrix approach does not allow one to define a symmetric or hermitian Dirac mass matrix in a simple way. We have checked that it is possible to use the method of Ref. [57] (described above) to obtain large left-right mixing solutions that are consistent with this formalism. In that case half of the eight solutions give large mixing, whereas the other half give small mixing.
Numerical example
In the most general case, one should solve the condition M D M 
Inserting small parameters instead of zeros leads to non-zero light neutrino masses, with the spectrum depending on any hierarchies introduced inM D and M R . One particular example (from Ref. [57] ) isM entries, but since M
, the matrix M R can have large entries everywhere, which can enhance the LFV amplitudes. This is simply a manifestation of the fact that one cannot go to a basis where the right-handed neutrinos are diagonal without affecting the righthanded current, which is different to the conventional case. For our parameter scans we set m W R = 3. m W R h ≃ 3m W R h holds, which we used to check perturbativity of the coupling h. An explicit numerical example is given in Appendix C.
One expects the different half-life contributions to have similar orders of magnitude, since we are exploring the fine-tuned region, so that the amplitudes A L N R , A λ and A η , which all depend on the left-right mixing, are enhanced. We plot the halflives for the amplitudes A λ and A η in Fig. 10 and the halflives corresponding to heavy neutrino exchange, i.e. the amplitudes A Fig. 11 , in both cases for a symmetric Dirac mass matrix. In each case the usual light neutrino contribution is shown for comparison, and one can see that there are regions of parameter space in which the λ and η contributions dominate over the light neutrino contribution. Remarkably the η contribution can still be sizeable, even with such small values of ξ: this is largely due to the larger value of the matrix element M 0ν η (cf. Table 2 ). The lightest mass could be smaller if the parameters a, b, c were allowed to be smaller than 0.1, although in the normal ordering case the LFV constraints in general favour larger values of m light . In addition, it turns out that b and c need to be small in order to keep the left-right R , which enhance LFV processes. In order to ascertain whether one diagram might dominate over another it is interesting to look at the ratios of different halflives, which has the added advantage that uncertainties in NMEs will drop out. In Fig. 12 we show the ratios of various halflives to the standard half-life, calculated for the example texture. Here it is obvious that the λ-contribution can be larger than the light neutrino contribution.
Conclusion
In this paper we have investigated the interplay of neutrinoless double beta decay and charged lepton flavour violation in the context of the left-right symmetric model, paying particular attention to those 0νββ diagrams usually neglected in the literature. In the case of pure type II seesaw we have shown that the triplet contribution to 0νββ should not be neglected for all light neutrino masses. For pure type I seesaw there exist regions of parameter space in which all diagrams can have similar orders of magnitude, which makes distinguishing the leading contribution difficult. In particular, the momentum-dependent λ-diagram can be larger than expected. As we have shown, the bounds from lepton flavour violating decays complement the 
study of lepton number violation, and can be used to further restrict the parameter space. A comprehensive study should include the type I+II case, which we leave for future work. Table 6 : Same as Table 4 , for the λ-and η-diagrams. The matrix elements "QRPA (HD)" were extracted from the limits given in Ref. [16] . Figure 13 : Correlations between the 0νββ half-lives in 76 Ge and 136 Xe for different matrix element calculations and particle physics contributions. The relevant limits from Table 3 are indicated by horizontal and vertical lines.
B. Details of lepton flavour violating expressions
Here we give details of the different contributions to lepton flavour violating processes.
B.1. Lagrangians & couplings
LFV decays proceed via the charged current in Eq. (23), which we repeat here for convenience, as well as the couplings of the charged components of Higgs triplets to lepton doublets in Eq. (5); the relevant terms are (with
Rotating the fields to the physical basis gives
,
where we have used Eqs. (12) , (17) , (20) and (21), with
In the manifest left-right symmetry case (discrete parity symmetry), V ℓ L = V ℓ R , so that these expressions become [74] 
In our case we take the charged lepton mixing matrices to be diagonal so that all processes depend on a combination of the mixing matrices S and V [see Eq. (62)], depending on the helicity of the different particles.
B.2. Decay widths and branching ratios
The effective Lagrangian for µ to e conversion can be written as
L,R . The full matrix element for µ → eγ is given by
with the anapole and dipole form factors -14) and (A-9). The on-shell decay µ → eγ only receives contributions from the G γ L,R terms, the branching ratio turns out to be
where -26) . In addition, the electric dipole moment of charged lepton ℓ α (α = e, µ, τ ) is given by [18, 84, 97] 
which is similar to the mixed diagram contribution in µ → eγ. The tree level contribution to µ → 3e in Eq. (59) can be rewritten as
to be compared with the loop-suppressed type I seesaw contribution given by [79, 98] 
The interference terms between triplet exchange and gauge boson mediated loop and box diagrams are
where T ≡h µeh * ee andh αβ is defined in Eq. (62) . Note that the triplet term effectively has the same structure as the box contribution (after Fierz transformations, see Ref. [99] ), so we expect it to interfere with the other amplitudes in the same way.
The form factors for off-shell photon exchange are
where the logarithmic term is a simplified version of the usual triplet loop function [100] , since we take the doubly charged scalar mass to be much larger than the charged lepton masses (m δ L,R ≫ m e,µ,τ ). The Z 1 -boson exchange terms 10 can be expressed as
for purely left-and right-handed contributions and 19) for diagrams with mixed helicity. The loop-suppressed amplitudes with right-handed currents contain the O(1) mixing matrix V as well as the additional suppression factor of (m W L /m W R ) 2 ;
without the enhancement from large left-right mixing (in S), we expect those contributions to be much smaller than the tree level one in Eq. (59) . The mixed left-right box contributions come from an effective four fermion operator, as is the case in kaon mixing [11, 44, 101] , with a factor of 1/2 coming from the Fierz transformation of a scalar to vector contribution (see Ref. [98] ). µ → e conversion in nuclei is similar to µ → 3e and receives contributions from the same loop and box diagrams. 12 The µ → e conversion rate is given by [74, 82, 83, 98] 
B.3. Loop functions
The relevant loop functions are 
C. Explicit numerical example
Here we give an explicit numerical example for the case of type I dominance and normal neutrino mass ordering, following the ansatz of Ref. [57] and fulfilling the bounds from LFV experiments (see Section 3.2). All dimensionful parameters are given in eV, unless otherwise indicated. From Eq. (86) 
